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Edited by Barry HalliwellAbstract Haem released from digestion and breakdown of meat
products provides an important source of dietary iron, which is
readily absorbed in the proximal intestine. The recent cloning
and characterization of a haem carrier protein 1 (HCP 1) has
provided a candidate intestinal haem transporter. The current
studies describe the expression and functional analysis of
HCP1 in cultured Caco-2 cells, a commonly used model of
human intestinal cells. HCP1 mRNA expression in other cell
types was also studied. The uptake of 55Fe labeled haem was
determined in cells under diﬀerent experimental conditions and
HCP1 expression was measured by RT-PCR and immunohisto-
chemistry. mRNA and protein expressions increased in Caco-2
cells transduced with HCP1 adenoviral plasmid, and conse-
quently 55Fe haem uptake was higher in these cells. Haem uptake
was also increased in fully diﬀerentiated Caco-2 cells compared
to undiﬀerentiated cells. Preincubation of cells with desferriox-
amine (DFO, to deplete cells of iron) had no eﬀect on HCP1
expression or haem uptake. Treatment with CdCl2 (to induce
haem oxygenase, HO-1) enhanced HCP1 expression and in-
creased haem uptake into the cells. HCP1 expression and func-
tion were found to be adaptive to the rate of haem degradation by
HO-1. Furthermore, HCP1 expression in diﬀerent cells implies a
functional role in tissues other than the duodenum.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Gastrointestinal absorption of haem as well as its transport
and traﬃcking within cells are important in mammalian iron
metabolism [1,2]. A major reason for this is that systemic
transcellular transport of haem accounts for the bulk of iron
utilized for metabolic processes in the body. Haem is a highly
bioavailable source of iron and absorbed as an intact metallo-
porphyrin that is less inﬂuenced by luminal ligands which have
an impact on non-haem iron bioavailability [3,4]. The haem
absorption pathway is distinct from that of non-haem iron
absorption [5] and has recently been described. Absorbed
haem is degraded by an inducible haem oxygenase (HO-1) to
yield inorganic iron that converges with the cytosolic iron pool
in enterocytes [6]. This process, akin to the catabolism of senes-*Corresponding author.
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doi:10.1016/j.febslet.2006.11.048cent red blood cells in macrophages, averts the release of cyto-
toxic and prooxidant free haem into the circulation. Haem
biosynthesis and intracellular transport of haem are essential
for its role as a component of many enzymes and metabolites
including cytochromes, myoglobin, haemoglobin and several
transcription factors as well as its role as a post translational
regulator [7]. Absorption and uptake of haem by enterocytes
and cultured cells have long been studied but it was only re-
cently that a haem uptake transporter, haem carrier protein
1 (HCP1) has been reported [8]. HCP1 has been shown to
induce haem transport in HeLa cells, Xenopus oocytes and
duodenal segments of mice. Its expression is regulated
transcriptionally and post-translationally, respectively in hyp-
oxic and iron deﬁcient mice. HCP1-mediated haem uptake
was also temperature dependent and saturable.
The Caco-2 human cell line exhibits many characteristics of
mature enterocytes and is often used as a model for iron and
haem uptake studies [9,10]. These cells possess the capacity
to induce HO-1 [11], respond to iron status and regulate gene
expression in a manner similar to intestinal epithelial cells [12].
Although the presence of a haem transporter has been sug-
gested in Caco-2 cells, the identity and nature of the protein
were not reported [13]. The studies reported in the current
paper evaluate the expression of HCP1 in human and mouse
cultured cells and describe further functional analysis in
Caco-2 cells.2. Materials and methods
2.1. Cell culture and cell isolation
Cultured cells were obtained from the American Type Culture Col-
lection (ATCC; Rockville, MD). Cells were cultured in DMEM (Sig-
ma) medium supplemented with 10% FCS (Sigma) and with 100 U/
ml of penicillin, 100 lg/ml streptomycin and 1% minimum essential
amino acids for Caco-2 cells. Cells were maintained at 37 C in a humi-
ﬁed incubator containing 95% air/5 % CO2. Cells were trypsinised, pla-
ted in 24-well plates and grown to conﬂuency for the experiments.
2.2. Real time-PCR
Total RNA was isolated using the Trizol reagent (Invitrogen, Life
Technologies, Paisley, UK) according to manufacturer’s instructions.
Quantitative RT-PCR was carried out using two-step ABI Prism
7000HT Sequence Detection System. First strand synthesis was
performed using the ABI cDNA Synthesis Kit using 2 lg total RNA
template according to manufacturer’s protocol. In the second step,
transcripts of the various genes were ampliﬁed with the speciﬁc primer
sequences (Table 1) using the ABI SYBR Green supermix protocol
[14]. The eﬃcacy of the ampliﬁcation was conﬁrmed by a melting curve
analysis and gel electrophoresis to conﬁrm the presence of a single
product.blished by Elsevier B.V. All rights reserved.
Table 1
Primer sequences





















































Fig. 1. Quantitative Real-Time PCR of HCP1 mRNA expression.
(A) HCP1 mRNA variation in diﬀerent human cultured cells. (B)
Time course of expression of HCP1 mRNA in K562 cells under-
going erythroid diﬀerentiation. Cells were induced to diﬀerentiate by
addition of 50 lM haemin to the medium.
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curve constructed from known concentrations of PCR product. The
results were calculated by the DCt method that expresses the diﬀerence
in threshold for the target gene relative to that of 18S. PCR was
performed for 20–30 cycles of 94 C for 1 min, 94 C 10 s, 55–60 C
annealing and 72 C for 2 min as extension time in a PTC-200 DNA
Engine thermal cycler (MJ Research). PCR products were stained with
ethidium bromide on 1% agarose gel and visualised under UV light.
Sequences of primers used, forward and reverse, respectively are shown
in Table 1.
2.3. Uptake of 55Fe-haem in cultured cells
Generation of adenoviral HCP1 plasmid was as described previously
[8]. Cells were grown to conﬂuency in 24-well plates and 55Fe-haem (RI
Consultant LLC, Hudson, New Hampshire) uptake was carried out as
described [8]. Brieﬂy, cells were infected overnight with virus to induce
HCP1 expression. A trace amount of 55Fe-haem was added to a stock
solution of 2 mM haemin (Sigma) dissolved in 0.1 N NaOH. This was
diluted with HBSS containing 100 mM arginine to give 2 lM 55Fe-
haem used in the uptake experiments. After the desired incubation per-
iod, cells were washed once with ice-cold HBSS containing 1% BSA,
followed by three more washes with ice-cold HBSS alone. Cells were
harvested in 2% sodium deoxycholate in Tris buﬀer (pH 8) after which
20 ll aliquots were removed for protein analysis. Radioactivity was
then determined in the cell extract plus liquid scintillant in a b-Counter
(EG & G Wallac).
2.4. Immunohistochemistry
Protein expressions were localised by immunoﬂuorescence micro-
scopy using cells grown to conﬂuency in Chamber slides. Brieﬂy, cells
were ﬁxed in formaldehyde, blocked with 1% BSA, stained with HCP1
polyclonal antibody and the preimmune serum and then with
FITC-conjugated anti rabbit secondary (DAKO A/S, Copenhagen,
Denmark) according to standard immunohistochemical protocols.
2.5. Statistical analysis
All values are expressed as means ± S.E.M. Statistical diﬀerences
between means were calculated with Microsoft Excel 6.0 (Microsoft,
Seattle, WA) by using the Student’s t-test correcting for diﬀerences
in sample variance.3. Results
3.1. HCP1 expression in cells
To gain an insight into the expression of HCP1 in human tis-
sues, mRNA in cell lines were quantiﬁed by RT-PCR. The re-
sult shows (Fig. 1A) that HCP1 expression was high in Caco-2
(an intestinal cell) and HeLa cells (cervical cancer cell line).
Both are cancer cell lines, which, due to high turnover rate,
might require increased haem metabolism. Moderate expres-
sion was seen in HepG2 (hepatic) and HEK 293 (kidney).
The hepatocyte and renal tissues are important, respectively,
in haem and haemoglobin (Hb) detoxiﬁcation in mammals.
It is not known however, if Hb is also a substrate for HCP1.
Surprisingly, HCP1 expression in HuTu, a cell line derived
from the duodenum was lower than Caco-2, a colonic cell line.Haematopoietic cells, U937 and K562 express low levels of
HCP1 and there is evidence for transient upregulation of
HCP1 during diﬀerentiation of K562 cells. The induction is
followed by a drop in HCP1 expression to very low levels
(Fig. 1B).
3.2. HCP 1 Expression and functional studies in Caco-2 cells
Caco-2 transfected with HCP1 plasmid displayed increased
mRNA transcripts and protein expression (Fig. 2). Although
HCP1 protein was localised predominantly in the plasma
membrane of the cells, its presence in vesicular structures
was evident. Caco-2 cells infected with HCP1 adenovirus
revealed increased expression of the protein (Fig. 2A) and
mRNA (Fig. 2B) over endogenous level. Endogenous expres-
sion of HCP1 in Caco-2 was conﬁrmed to be functionally spe-
ciﬁc (Fig. 2C). Haem uptake increased in HCP1 transfected
cells and this was found to be time (Fig. 2D) and temperature
dependent (Fig. 2E).
The expression and functional activities of the non-haem
transporter DMT1, has been shown [12] to increase as Caco-
2 cells diﬀerentiate. The eﬀect of this maturation process on
HCP1 mRNA levels and haem uptake was investigated in
Caco-2 cells at three stages of diﬀerentiation. HCP1 mRNA
expression increased slightly after diﬀerentiation and the in-
crease was signiﬁcant after 21 days (Fig. 3A). This correlated
with enhanced haem uptake in cells during diﬀerentiation






























































































Fig. 2. Expression of HCP1 in Caco-2 cells. (A) Expression of HCP1 protein (green) in Caco-2 cells after an overnight incubation with HCP1
adenovirus. Cells were ﬁxed and stained with HCP1 antisera and preimmune serum. Results showed increased HCP1 protein expression in
transduced cells. Both intrinsic and exogenous protein expressions were speciﬁc to HCP1 antibody. (B) mRNA expression in Caco-2 cells infected
with HCP1 adenovirus. (C) Endogenous HCP1 haem uptake was blocked by antisera raised against the protein. (D) Temperature (E) and time course
dependence of haem uptake in uninfected and HCP1-infected Caco-2 cells. 55Fe-haem uptake (2 lM) was determined at 4 or 37 C for 1 h and at
various times shown. 55Fe-haem uptake was signiﬁcantly increased (P < 0.05) in cells overexpressing HCP1 by 10 min of incubation period. Data are
means ± S.E.M. of four experiments.
G.O. Latunde-Dada et al. / FEBS Letters 580 (2006) 6865–6870 6867enhancement of haem uptake in cells diﬀerentiated for 21 days
(Fig. 4B).
3.3. HO-1 induction and HCP1 expression and haem uptake in
Caco-2 cells
3.3.1. Eﬀect of desferrioxamine (DFO) and CdCl2 on
HCP1 mRNA expression and haem uptake. While iron chela-tion by DFO did not signiﬁcantly aﬀect HCP1 mRNA expres-
sion, treatment with CdCl2, a HO-1 inducer, signiﬁcantly
upregulated its expression (Fig. 4A) and haem uptake in-
creased in parallel (Fig. 4B). DFO had no signiﬁcant eﬀect
on haem uptake (Fig. 4B).
3.3.2. Haem and iron induction of HO-1 in Caco-2
















































Fig. 3. Diﬀerentiation-dependent expression and function of HCP1 in
Caco-2 cells. Quantitative real-time mRNA expression of HCP1 (A)
and 55Fe-haem uptake (B) in Caco-2 cells diﬀerentiated for 7, 14 and
21 days. Both HCP1 expression and functional analysis were only
signiﬁcantly enhanced after 21 days of diﬀerentiation. Data are


















































Fig. 4. Eﬀect of DFO and CdCl2 on HCP1 expression and function.
Quantitative real-time mRNA levels of HCP1 (A) and 55Fe-haem
uptake (B) in Caco-2 cells treated overnight with 50 lM DFO and
10 lM CdCl2. HCP1 mRNA level was unaﬀected on exposure to DFO
but signiﬁcantly increased (P < 0.05) after CdCl2 treatment and haem
uptake was also enhanced (P < 0.05) in cells treated with CdCl2. Data
are means ± S.E.M. of four experiments.
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higher in cells transduced with HCP1 (Fig. 5). Iron did not
induce HO-1 signiﬁcantly.4. Discussion
Haem transport studies in enterocyte, hepatocyte and
haematopoietic cell lines have indicated the uptake of haem
by a saturable, carrier-mediated process [15–17]. However,
the molecular mechanism of haem transport particularly in
the intestine remained speculative until the recent cloning
and identiﬁcation of HCP1. Endogenous mRNA expression
of HCP1 was diverse in the diﬀerent cell lines investigated in
the current studies (Fig. 1). Although the metabolism of iron
in cultured cells does not wholly simulate in vivo situations,
haem uptake, metabolism and export has been widely studied
[18–20]. HCP1 is shown in the current study as a putative haem
transporter in Caco-2 cells. Some of the cells have been shown
to express a haem receptor [21] and hemopexin as well, which
may represent an alternate route of haem entry [22,23]. The
expression proﬁle of HCP1 in the cells may indicate indirectly
its expression in the human tissues from which the cells are
derived. Furthermore, the screening is useful for selecting cells
for transfection and RNA silencing studies, both requiring
respectively, low and high levels of endogenous gene expres-
sion. K562 cells, in addition to haem uptake, have been usedfor erythroid diﬀerentiation studies [24,25]. While the relative
expression of HCP1 is low when compared with other cell
types (Fig. 1A), induction of expression was eﬀected by treat-
ment with haem to induce erythroid diﬀerentiation. HCP1
mRNA expression was enhanced during the initial stages of
K562 diﬀerentiation (Fig. 1B).
Only a modest increase in haem uptake was observed in
Caco-2 cells expressing HCP1. Presumably, this is partly due
to high endogenous expression of HCP1 in the cells (Fig. 2)
and suggests uptake of haem might be regulated to prevent
cytotoxicity. A 2–3-fold increase in haem uptake was reported
in HeLa cells [8] transfected with the same vector. Haem
uptake in the latter cells was both active and time-dependent
[8]. Evidence for an active uptake of the ﬂuorescent haem ana-
logue, zinc mesoporphyrin [26] and haem [27] by Caco-2 cells
had been reported. HCP1 expression and haem absorption
seem maximal in fully diﬀerentiated intestinal cells (Fig. 3).
The results of the current study further show, that the induc-
tion of HO-1 rather than chelation of iron is important in
the regulation of haem uptake by Caco-2 cells (Fig. 4). Over-
expression of HO-1 in Caco-2 cells led to increased apical
and transcellular haem uptake [28]. Pretreament of cells with
CdCl2,an inducer of HO-1 had been shown to enhance haem
uptake [29] and in vivo administration of tin mesoporphyrin,
an inhibitor of HO-1 diminished haem uptake in rats [30].
CdCl2 induces human HO-1 gene expression by binding to a



























Fig. 5. Eﬀects of haem and ferric ammonium citrate (FAC) on HO-1 levels in Caco-2 cells with or without transfection with HCP1. Quantitative real-
time PCR demonstrated increased induction of HO-1 mRNA after 24 h exposure to 50 lM haem but not after FAC (50 lM) treatment (P < 0.05).
HO-1 induction in Caco-2 cells overexpressing HCP1 was signiﬁcantly (P < 0.05) higher than untransfected cells. Data are means ± S.E.M. of three
experiments.
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vious study has suggested that the rate of haem degradation
might constitute the limiting step in intestinal haem absorption
[32]. Higher haem uptake in Caco-2 cells overexpressing HCP1
led to increased HO-1 mRNA level (Fig. 5). Both mRNA and
protein levels of HO-1 in Caco-2 cells were induced in a dose
and time-dependent manner by haem [33]. Interestingly, Uc
et al. [34] reported both apical and basolateral transport of
haem in Caco-2 cells. Furthermore, it was shown that haem
induction of HO-1 was higher from the basolateral than the
apical side of the cell monolayer [35]. This implies the existence
of both inﬂux and eﬄux haem proteins in Caco cells. The
localization of a haem eﬄux protein ABCG2 to the apical
membrane of enterocytes [36] is consistent with this ﬁnding.
Although, absorbed haem is presumed to be degraded by
inducible HO-1 in the cytosol of enterocytes, evidence of an in-
tact haem transfer into circulation has, thus far, been reported
only in guinea pig [37]. Reasons for species diﬀerences in rats,
dogs and possibly humans are not obvious [38]. However, a
previous report shows species diﬀerences in iron regulation
of haem absorption [39,40].
HCP1 mRNA expression appears to be less responsive to
iron deﬁciency [8], compared to the case of the non-haem im-
porter, DMT1 [12], and the present studies in Caco cells sup-
port this as we found no increase in HCP1 mRNA on
treatment of cells with DFO (Fig. 5), while DMT1 mRNA
level was enhanced in the current study (results not shown).
In accordance with DMT1, however, HCP1 regulation might
also involve apical protein traﬃcking during iron-deﬁciency
and intracellular translocation during iron-replete conditions
[41]. Protein targeting, sorting and intracellular traﬃcking in
response to physiological status are now known as important
regulatory mechanisms [42]. HCP1 expression and function
are shown to be adaptive to the rate of haem degradation by
HO-1. Furthermore, HCP1 expression in other cell types sug-
gests a possibility of functionality in other tissues in addition
to the gastrointestinal tract.
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